ABSTRACT In the turkey industry, molting is traditionally achieved by reducing photoperiod and withdrawing feed and water for several days. Although it is the most effective method, this practice is discouraged in Canada and alternative strategies need to be established. Thyroid hormone levels naturally change during molt, and dietary thyroxine (T 4 ) supplementation was previously shown to induce molt in chickens. This study aimed at evaluating the effectiveness of supplemental dietary T 4 in inducing molt in spent turkey breeder hens. One hundred twenty 75-wk-old hens were randomly divided into 4 groups (5 floor pens/replicates, 5 hens each) with the control group kept under a 14-h photoperiod and fed a breeder's diet throughout, whereas hens from the 3 other groups were supplemented with 40 ppm (45.76 mg/kg) T 4 for 10 d. One treatment group was maintained under 14 h of light and fed a breeder's diet, whereas the 2 others were subjected to a drop in photoperiod to 6 h during or after supplementation and then were fed a maintenance diet. Egg production, feed intake, BW, molt, and plasma levels of T 4 , prolactin, and luteinizing hormone were measured. All treated hens ceased laying by d 20; however, several individuals spontaneously returned to lay when left on 14 h of light, suggesting incomplete involution of the reproductive tract. Supplementation significantly reduced feed consumption and induced rapid BW loss. All hens returned to their initial weight by the end of the experiment. Most treated hens initiated molt by d 8 of supplementation and all completed molt by d 37. Plasma T 4 in treated hens increased significantly by d 3 (P < 0.05) and remained significantly higher than in controls until d 9 (P < 0.01). Levels returned to initial values by d 35. Prolactin levels did not appear to be influenced by T 4 but were mainly dependent on photoperiod and reproductive stage, whereas luteinizing hormone levels remained low throughout. In summary, dietary supplementation with 40 ppm (45.76 mg/kg) T 4 was successful in inducing molt in turkey breeder hens. However, dropping the photoperiod was necessary to completely reset the reproductive system.
INTRODUCTION
In the wild, birds go through molting characterized by the loss and regrowth of feathers. In the northern hemisphere, birds are stimulated to molt in the fall, at the end of their breeding season. The shortening of day length, change in ambient temperature, reduced feed intake due to caring for their young, and the decreasing availability of nutrients are all integrated by the neuroendocrine system to trigger a molt (Clark, 2001) . In addition to the renewal of plumage, which helps regulate body temperature, provide camouflage, act as a signal for sexual status, and is fundamental in flight, molt also includes remodeling of the bone structure, rejuvenation of the immune system, and the regression and repair of the reproductive system (Ginn and Melville, 1983; Murphy, 1996) .
The effects of molting on the reproductive system allow birds to maintain their reproductive health throughout their lives. In the poultry industry, this effect is exploited to get a second or even a third laying cycle, thus extending the productive life of a flock (Bell, 2003) . Reducing the need for raising a new stock also lessens the number of male birds killed while replacing layers and breeder's flocks (Hester, 2005) .
The most efficient technique to induce an artificial molt in turkeys combines water and feed restriction with a drop-in photoperiod. Reducing the photoperiod efficiently terminates egg laying, whereas feed restriction stimulates BW loss and the involution of the reproductive tract typically within a week, followed by the initiation of molt (Bell, 2003; El-Deek and Al-Harthi, 2004) . Twelve weeks after the completion of molt, birds are placed on a photostimulatory light schedule and begin a second laying cycle (Bell, 2003) . This is a highly efficient method; however, feed and water restrictions cause severe stress and serious health and welfare concerns, which may outweigh their benefits. Domestic birds have evolved to forage throughout the day and removing their feed causes an increase in their stress and subsequently their suffering. In turn, frustration and distress produce aggression and stereotypic pacing, followed by debilitation (Duncan, 2001) . However, in addition to stress, nutrient deprivation also causes a decrease in bone mineral density and a depression of the immune system, which increases the risk of injury, infections, and inflammations (Kyriazakis and Savory, 1997; Park et al., 2004) . Due to these concerns, this practice is highly discouraged in Canada and is to be used "only under extreme circumstances" (Section 4: Turkey Production; Canadian Agri-Food Research Council, 2003) . Instead, breeder flocks are replaced after each laying cycle with younger birds. This can be economically viable as long as affordable replacement breeders are easily accessible. As illustrated by recent avian influenza outbreaks, an immediate restriction of birds' movement may limit access to replacement birds, disrupting the supply chain and requiring birds to be recycled. Nonetheless, with the current techniques available (food and water withdrawal), this would be achieved at the expense of animal health and welfare. Therefore, it is necessary to find an efficient, affordable alternative procedure that would be acceptable to both the industry and the public.
Although some alternative molting procedures have been proposed (high zinc diet, a low sodium-calcium diet, and large amounts of wheat middling or corn gluten), most rely on nonpalatable or poorly nutritive diets and therefore result in similar welfare and health concerns as the traditional feed withdrawal (Phillips et al., 1985; Bell, 2003; Hester, 2005) . Throughout a molt, several hormonal changes occur and by mimicking these natural changes, it may be possible to artificially cause a molt in an acceptable manner. The thyroid has been shown to be enlarged and hyperactive during a molt, and the hormones it produces, thyroxine (T 4 ) and triiodothyronine (T 3 ), are present in the body at elevated levels (Lien and Siopes, 1989) . Thyroxin and T 4 both stimulate cellular metabolism and cell enzyme activity and may therefore be responsible for the observed weight loss during molt. It is most likely T 4 that initiates molt as levels of T 4 increase just before the initiation of molt, whereas T 3 levels only increase after molt has already been initiated (Kuenzel et al., 2005) , and birds given doses of T 4 proceed to molt, whereas birds given T 3 do not (Kuenzel, 2003) . It has also been seen that molt in turkeys given T 3 is actually delayed and decreased compared with molt in turkeys given T 4 (Queen et al., 1997) . Furthermore, high doses of thyroid hormones can inhibit reproduction (Voitkevich, 1966; Phillips et al., 1985) , and T 4 is essential in the growth and pigmentation of feathers at any stage of life (Voitkevich, 1966; Evans and Heiser, 2001) . As a matter of fact, i.m. injections of a minimum dose of 2 mg of T 4 per day for 2 or 3 wk transiently inhibits egg production and initiates molt without inducing permanent photorefractoriness in turkey hens (Lien and Siopes, 1993) . More recently, it has been shown that combining as little as 20 ppm (22.88 mg/kg) dietary T 4 supplementation with a reduction in photoperiod successfully induces a complete molt in caged chickens (Kuenzel et al., 2005) .
Therefore, this study was performed to determine whether a relatively high dose of dietary T 4 [40 ppm (45.76 mg/kg)] could also induce a complete molt in spent turkey breeder hens.
MATERIALS AND METHODS

Birds and Housing
One hundred twenty 75-wk-old domestic White turkey breeder hens at the end of their first laying cycle were obtained from Hybrid Turkeys (Hendrix Genetics, Kitchener, Ontario, Canada) and transferred to our poultry research station. Hens were randomly allocated into 24 floor pens (244 cm × 183 cm) at a density of 5 birds per pen. Rooms (12 pens per room) were climatecontrolled, pens were furnished with wood shavings, and hens had free access to water and food. During the first 4 wk (before the start of the treatments), turkeys were allowed to acclimatize, fed a crumbled breeder's diet ad libitum (Table 1) , and were maintained under a 14-h photoperiod. All procedures were reviewed and accepted by the University of Guelph animal care committee.
Experimental Groups and Research Paradigms
Details of the research paradigms are described in Figure 1 . Twenty hens were kept as replacement hens (pens 1 to 4, Figure 1 ) for birds showing obvious signs of incubation behavior during acclimatization. The 100 remaining hens were randomly assigned to experimental treatments with pens 5 to 9, 10 to 14, 15 to 19, and 20 to 24 corresponding to treatments A, B, C, and D, Figure 1 ). Thyroxin dietary supplementation was started on d 0 for a period of 10 d, and at d 37, all hens were killed by cervical dislocation and various tissues were collected. Treatment A. Treatment A was the control diet. Hens were left under a 14-h photoperiod and fed the control breeder's diet ad libitum throughout the experimental period.
Treatment B. Hens were fed the breeder's diet supplemented with 40 ppm (45.76 mg/kg) T 4 from d 0 to 10 and the control breeder's diet thereafter. This group was maintained under a 14-h photoperiod throughout the experiment.
Treatment C. Hens were fed the control diet supplemented with 40 ppm (45.76 mg/kg) T 4 from d 0 to 10 while under a 14-h photoperiod. Thereafter, photoperiod was reduced to 6 h and hens were fed a standard holding (maintenance) diet with lower protein, energy, and calcium content. Treatment D. Starting at d 0, hens were subjected to a 6-h photoperiod and were fed the control breeder's diet supplemented with 40 ppm (45.76 mg/kg) T 4 for the first 10 d. On d 11, feed was switched to the holding diet.
Experimental Diets
The 3 diets used for this trial were formulated to meet NRC specifications (NRC, 1994; Table 1 ). The turkey breeder's diet corresponded to a crumbled corn base diet formulated with high energy and calcium. The holding diet consisted of a crumbled corn and wheatbased diet formulated with lower energy and calcium for basic expenditure. For the treatment diet, 40 ppm (45.76 mg/kg) T 4 was added to mashed breeder's diet to ensure a consistent mix. As described previously by Kuenzel et al. (2005) , the amount of T 4 in the diet, in the form of l-T 4 sodium pentahydrate (catalogue no. T2501-1G, Sigma-Aldrich Canada Ltd., Oakville, Ontario, Canada), was calculated based on a molecular weight of 888.9 (including the sodium and water). After applying a correction factor of 1.144, the actual quantity of T 4 added corresponded to 40 ppm (45.76 mg of l-T 4 sodium pentahydrate added per kilogram of feed). After mixing, the experimental diet was bagged and kept frozen at −4°C until use. During the 10 d of T 4 supplementation, the control birds were also fed a mashed breeder's diet to account for any effect of processing on palatability and feed intake.
Parameters Measured
Feed Intake. Feeders from each pen were weighed twice a week during the acclimatization period, daily during the T 4 supplementation period, and every 2 d thereafter. The average feed intake was calculated for each period (acclimatization: d −28 to −1; T 4 supplementation: d 0 to 10; after supplementation: d 11 to 37) and compared between groups by 1-way ANOVA, and means were differentiated by a Tukey post hoc test. The first 4 wk correspond to the acclimatization period during which all birds were kept under a 14-h photoperiod and given a breeder's diet. Thereafter, hens in the control group (treatment A, black boxes) remained on the 14-h photoperiod and were fed the breeder's diet throughout. Hens in treatment B (gray boxes) remained on a 14-h photoperiod and were given 40 ppm (45.76 mg/kg) of thyroxine (T 4 ) for 10 d followed by the breeder's diet. Hens in treatment C (white boxes) were given 40 ppm (45.76 mg/kg) T 4 for 10 d followed by a maintenance diet; the photoperiod was shortened to 6 h after the T 4 supplementation. Hens in treatment D (white with black chevrons) were given 40 ppm (45.76 mg/kg) T 4 for 10 d followed by a maintenance diet; the photoperiod was shortened to 6 h on the first day of T 4 supplementation.
Means were also compared within groups by repeated measures ANOVA followed by a Tukey multiple comparisons test.
BW. Initial BW was recorded for all hens at d −14 and served as baseline. Thereafter, body BW was recorded at d 3, 10, 14, 21, and 37, and change from initial BW was calculated for each bird and compared by repeated measures ANOVA within groups over time. The average change in weight for each group was then calculated and compared between groups by 1-way ANOVA and means were differentiated using a Tukey multiple comparisons test.
Egg Production. Eggs were collected daily and an average production was calculated for each pen. Using each pen as a replicate (5 per experimental group), an average egg production for each treatment was calculated (hen-day egg production) and compared by 1-way ANOVA followed by a Tukey multiple comparisons test.
Molting. The loss and regrowth of feathers was recorded daily from d 0. To quantify molt, we designed an arbitrary scale ranging from 0 to 5 with 0 corresponding to no loss, 1 corresponding to the initial loss of feathers on any part of the body, 2 corresponding to the partial loss of head and contour feathers while primaries and tail feathers are still in place, 3 corresponding to the initial loss of primaries and tail feathers, 4 corresponding to the regrowth of tail feathers, and 5 corresponding to the completed regrowth of the primaries and all other feathers. Each hen was given a score and a cumulative value was calculated per pen per day. The differences between groups were analyzed using a 1-way ANOVA and means were differentiated using the Tukey multiple comparisons test.
Behavior. Birds were observed twice a day during the acclimatization period for behavior indicating broodiness (nesting behavior or sitting in the same place, or both, for 3 or more consecutive observations while displaying territorial aggressiveness). During the experimental period, hens were observed twice a day for any changes in behavior that could have resulted from the T 4 supplementation, especially increases in thermoregulation (panting, stretched wings) and aggressiveness or perceived irritability toward the barn workers and other birds. General health-related behaviors were also monitored throughout (signs of lameness, recumbence, and injury).
Blood Sampling and Hormone Assays. Blood samples were taken from the brachial vein between 5 and 7 h after the lights came on, on the same days as BW except for the last sampling, which was done on d 35. Samples were centrifuged and plasmas were separated and stored at −20°C until use. Levels of T 4 were measured in 5 birds from each of the 4 treatments for d −14, 3, 10, and 35 by RIA using a commercially available kit (Total T 4 , InterMedico, Markham, Ontario, Canada) according to the procedure as detailed in the instruction guidelines of the manufacturer. Because initial tests revealed significant matrix effects when using straight turkey plasma, several modifications were performed. Briefly, 420 μL of plasma were first extracted in ether (2 mL of ether was added to each sample, vortexed for 30 s, the phases were allowed to separate, the organic phase was then transferred into a glass tube, and the solvent was evaporated under a stream of nitrogen gas) and resuspended in 60 μL of assay buffer, concentrating the sample 7 times. Incubation time was also extended from 1 h at 37°C to overnight at 4°C. To account for losses occurring during the extraction process, the standard curve was prepared by extracting standard samples provided with the kit in a similar manner to plasma samples.
Levels of prolactin (PRL) and luteinizing hormone (LH) were measured in 5 birds from each of the 4 treatments at d −21, −14, 3, 10, 14, 21, and 35. Although PRL was measured using the homologous RIA developed by Guémené et al. (1994) , levels of LH were measured using a chicken LH RIA designed by Krishnan et al. (1994) . Assays were performed as described previously with 300 μL of plasma.
Organs. At the end of the trial (d 37), all birds were killed by cervical dislocation and the hearts, livers, ovaries, and thyroids were harvested. The weights of these organs were then calculated as a ratio of the final BW of each bird and were compared by 1-way ANOVA and means were differentiated using the Tukey method. Several thyroid glands from both the control and the treated groups were collected, fixed in formalin, embedded in paraffin, sectioned, and stained with hematoxylin and eosin for histology. Images of the slides were captured using a Leica DMR-HC microscope imaging system (Leica Microsystems CMS GmbH, Wetzlar, Germany) equipped with a Coolsnap camera (RS Photometrics, Surrey, British Colombia, Canada) at a 10× magnification. Images were then analyzed in Openlab 4.0.4 (Improvision, Coventry, UK) and the diameters of colloids were compared by 1-way ANOVA.
RESULTS
Feed Intake
As shown in Figure 2 , during the acclimatization period, hens consumed an average 240 g per day. Although all birds were under the same conditions during acclimatization, hens in treatment B consumed significantly more feed than those in treatments C and D during that period (P < 0.05). Change to a mash diet did not affect feed intake because hens in the control group (treatment A) consumed a similar amount during the acclimatization and experimental periods. However, these hens significantly increased feed intake afterward (P < 0.001). Thyroxin supplementation significantly reduced feed consumption in all treated groups by at least 56 to 69% (P < 0.001). During the T 4 period, hens in treatment D, which were switched to a 6-h photoperiod at this time, ate significantly less feed than those in treatment B (P < 0.05). After T 4 was removed from the diets, the treated hens returned to their initial consumption. Interestingly, no significant difference was observed between hens left at 14 h (treatment B) and hens transferred to a 6-h photoperiod (treatments C and D).
BW
As shown in Table 2 , hens in the control group progressively gained weight throughout the experiment (P < 0.05). On the other hand, T 4 supplementation resulted in a significant rapid BW loss in all treated groups (P < 0.001). Thereafter, hens returned to their initial BW. Interestingly, as observed for feed consumption, shifting to a holding diet (group C and D) with a reduced photoperiod did not affect the regain in BW.
Egg Production
Due to the stress from transport, egg production during the first week of acclimatization was unreliable and was not taken into consideration. As expected, at 76 wk of age, spent hens were at a very low level of production (averaging 4 to 6% during the acclimatization period). Values correspond to mean ± SEM of 25 individuals/group. Asterisks (* and **) denote significant (P < 0.01 and P < 0.001, respectively) reductions in BW when compared with d −14 values within a group, and different superscripts (e, f) denote significant (P < 0.01) differences between groups at a specific time point. Initial BW (kg) from which all other percentage change in BW were calculated were as follows: treatment A, 10.27 ± 0.17; treatment B, 10.25 ± 0.19; treatment C, 10.16 ± 0.14; and treatment D, 10.55 ± 0.20.
Egg production for the control group remained stable throughout the experiment. However, in treated birds, a significant (P < 0.001) decrease in production could be observed at the end of T 4 supplementation (d 10), and by d 20, all hens fed T 4 stopped laying. Although all hens maintained under a 6-h photoperiod remained out of lay, several individuals in group B (T 4 with 14 h of light) spontaneously returned into production by d 30 (Figure 3) .
Molting
Most hens treated with T 4 initiated molt within 8 d of supplementation ( Figure 4A ) and completed molt by d 37 ( Figure 4B ). Combining a reduction in photoperiod with T 4 supplementation appeared to induce molt more rapidly than T 4 alone, although this was not significant ( Figure 4A) . Similarly, although not significant, hens in group C and D completed molt slightly more rapidly than in group B. Interestingly, 3 hens from the control groups also showed signs of spontaneous molt.
Behavior
A total of 12 birds were removed from the experiment before its commencement due to broody behavior. No signs of heat stress were observed. Similarly, no excessive aggressive behavior was seen between birds, and only a subjective increase in irritability during blood collection and weighing was observed for treated birds.
Hormonal Profiles
As shown in Figure 5 , the plasma T 4 levels for treated birds increased significantly (P < 0.001 for treatments B and C and P < 0.05 for treatment D) by d 3 and stayed significantly higher than the control (P < 0.001) on d 10. For hens in treatments B and D, plasma T 4 concentrations returned to their initial levels by d 35. However, birds in treatment C still displayed elevated levels of plasma T 4 at d 35 (P < 0.001).
Changes in PRL concentration are shown in Figure  6A . During the acclimatization period, plasma levels ranged between 20 and 30 ng/mL for all groups. Levels then decreased significantly by d 3 in hens from treatment D (P < 0.001) and by d 14 in hens from treatment C (P < 0.05). These decreases in PRL were subsequent to the reduction in photoperiod (d 0 for treatment D and d 10 for treatment C). However, levels of PRL in the birds in treatment B, which experienced no change in photoperiod, dropped significantly by d 35 (P < 0.01).
As expected for spent hens, plasma levels of LH (Figure 6B) were very low for all groups throughout the entire experimental period and no significant difference between groups could be observed.
Organs
As shown in Table 3 , the mean ratio of the weight of the liver to the BW in birds from treatment C was sig- Figure 3 . Hen-day egg production. Hen-day egg production values were recorded from d −25 to 37 and were averaged over 5-d periods for each pen to minimize day-to-day variation in egg production. Values correspond to mean ± SEM of 5 pens. Asterisks (*, **) denote significant (P < 0.01, P < 0.001, respectively) reductions in egg production when compared with acclimatization period values within a group. NS = no significant difference when compared with acclimatization period values. nificantly (P < 0.001) larger than all other treatments. There was no difference in heart weight:BW ratio between any of the treatments. As expected, the weight of ovaries for hens in treatment A, which remained sexually active, was significantly higher than that of any other treatment (P < 0.01 for treatment B, P < 0.001 for treatments C and D). Treatment B, which was left on a 14-h photoperiod and a breeder's diet, also had a slightly significantly larger ovary weight:BW ratio than treatment D (P < 0.05). Intriguingly, there was no . Values correspond to mean ± SEM of 25 individuals/group. Asterisks (*) denote significant (P < 0.001) differences in number of hens molting when compared with treatment A values. B) Cumulative progress of molt based on our arbitrary scale. A score of 0 (0%) corresponds to no molt, 1 (20%) to initial feather loss on any part of the body, 2 (40%) to partial loss of head and contour feathers, 3 (60%) to initial loss of primaries, 4 (80%) to initial loss of tail feathers, and 5 (100%) to complete regrowth of all feathers. Values correspond to mean ± SEM of 25 individuals/group. Asterisks (*) denote significant (P < 0.01) differences in progress of molt of treatments B, C, and D when compared with treatment A values. significant difference between the thyroid weight:BW ratios of any treatment. However, as shown in Figure  7 , there was a significant difference in the size of the colloid cells in the thyroid between treatment A and the other treatments. The mean cell diameter for the control birds was 106.487 μm ± 3.11, whereas that of the treated birds was only 77.552 μm ± 5.316 (P < 0.0001).
DISCUSSION
In the poultry industry, molting is exploited to get a second or even a third laying cycle from a flock. This can be economical for producers in some situations because the flock can be recycled, thus reducing the need by 47% for raising a new stock to a fertile age (Hester, 2005) . In the United States, this lessens the number of male chicks killed by 100 million each year (Bell, 2003) , and approximately one-third of the profits of a laying flock come from molted birds (Holt, 2003) . In addition, molting may also be necessary to ensure the continual supply of eggs in cases of disease outbreak when the movement of poultry is restricted.
However, the many benefits do not outweigh the numerous and significant detriments to animal welfare that occur with traditional methods of induced molt. The most common practice used in industry today is the withdrawal of feed combined with a drop in photoperiod, which was found to result in higher mortality and morbidity during early molt (Ruszler, 1998) . This is sometimes combined with a few days of water deprivation to reduce overdrinking and wet droppings that result from severe feed restriction (Kyriazakis and Savory, 1997) . The first welfare concern with feed restriction-induced molt is hunger. Duncan (2001) abridged the work of Savory, Wood-Gush, and Duncan, highlighting that hunger is an extremely powerful motivator and that domestic birds have evolved to forage for their food throughout the day. Birds being induced to molt by feed restriction therefore experience frustration and a physiological stress response due to their inability to meet nutrient requirements (Kyriazakis and Savory, 1997; Duncan, 2001) . Because the present study includes full feed and water access throughout, it eliminates the problem of hunger that comes along with traditional induced molting procedures. A study by Park et al. (2004) showed that when 74-wk-old White Leghorn hens were given diets containing either 1% zinc propionate or 1% zinc acetate for 9 d, feed intake was decreased by 65 and 70%, respectively. This was stated to be a typical decrease in feed intake for hens fed high zinc diets. Hens in our trial experienced a 56 to 69% reduction in feed intake, which is comparable to the reduction caused by a high-zinc diet. The high-zinc diet has been shown to reduce feed intake due to decreased palatability and conversely to this and other alternative molting methods that rely on this reduced palatability (Phillips et al., 1985; Bell, 2003; Park et al., 2004; Hester, 2005) . Hens in our trial most likely voluntarily reduced feed intake as a result of a decreased appetite rather than feed avoidance. For example, birds given i.m. injections of 250 to 4,000 μg of T 4 /kg of BW per day decreased their feed intake by 30 to 85%, respectively (Kuenzel et al., 2005) . Interestingly, in our study, feed intake returned to original levels after the period of T 4 supplementation for all treated birds, even though the photoperiod was reduced (from 14 to 6 h) for two of these groups. This was somehow unexpected because 1 Values correspond to mean percentage × 10 −3 of the different organ weights:BW ± SEM of 20 hens/group. Asterisks (*, **) denote significant (P < 0.01 and P < 0.001, respectively) differences from treatment A values for each organ. a decrease in photoperiod generally results in a reduced amount of time available for feeding. However, it has been previously shown that birds that received a reduction in photoperiod consumed the same amount of feed in less time than the birds that continued on the 14-h photoperiod (Blache and Martin, 1999) .
Stress induced by feed restriction has been shown to increase certain behaviors such as aggressive pecking, standing on, grabbing with claws, and shoving cage mates (Webster, 2000; Duncan, 2001) . Because frustration-related aggression in poultry requires a subordinate bird to be present (Duncan and Wood-Gush, 1971; Mench et al., 1997) , these behaviors often result in severe injuries, affecting welfare and increasing mortality. Because no bird-induced injuries were observed in our experiment, it seems that the T 4 supplementation did not adversely affect behavior and did not cause an increase in aggression. McCowan et al. (2006) observed that hens molted by feed restriction also show increased cage pecking and gakel calling (a specific type of vocalization indicative of frustration). Stereotypies, either locomotory (pacing) or oral (pecking), are considered abnormal and indicate that the motivational systems are being frustrated with the animal motivated to perform a behavior without the means to do so (Petherick and Rushen, 1997) . In the case of feed deprivation, birds are motivated to forage for food but are not provided with any; thus, foraging behavior is redirected toward inappropriate objects, for example bedding, pens, cages, and conspecifics (Kyriazakis and Savory, 1997; Duncan, 2001) . The level of activity of the birds reveals the degree of food restriction, with individuals expressing low levels of stereotypies experiencing better welfare than those with high levels of stereotypies (Kyriazakis and Savory, 1997; Mench et al., 1997) . Although not specifically addressed in this study, hens fed T 4 showed no signs of stereotypies in daily routine health checks and behavior observations. Hunger, frustration, aggression, and stereotypies are not the only issues involved with feed restriction molting. Insufficient nutrients for daily bodily processes could also result in severe health problems. Duncan and Wood-Gush (1971, 1972) discovered that as feed withdrawal progresses, the state of the bird advances from stress and stereotypies to inactivity, which is suggestive of debilitation (Duncan, 2001) . A reduction in weight is considered a requirement for a successful molt and in traditional feed withdrawal techniques feed is generally removed until 25 to 30% of the hens' BW is lost (Bell, 2003) , the reasoning for this being that the ovaries, oviduct, adipose tissue, and ingested feed and water make up 25 to 30% of the hen's BW (Ruszler, 1998) . However, with the length of time that feed is removed for molting, muscle and major minerals in the bones such as calcium are also lost, resulting in impaired physiological functions and bone strength decreases (Park et al., 2004) . Continuing the negative nutrient balance will then lead to the birds' deterioration, illness, and eventual death (Kyriazakis and Savory, 1997) . The birds that do survive a feed withdrawal-induced molt may produce fewer, weaker, and therefore less marketable postmolt eggs due to the fact that cellular calcium is the first limiting nutrient for ovulation in hens. In addition, these birds are more likely to experience degenerative hip conditions, such as cartilage corrosion, resulting in joint damage and lameness (Hughes et al., 1997) . Thyroid hormones are known to increase the metabolism, which is the most probable reason for the weight loss observed in our experiment; however, the decreased feed intake most likely also had some influence. Interestingly, the maximum BW lost was only 8%, much less than the industry protocol demands. Because all hens fed the T 4 diet did molt, our study shows that the amount of BW loss required by industry protocols may be excessive. The fact that the control birds gained weight throughout the experiment is not surprising because these birds were at the end of their egg production period and were feeding on a high-energy diet.
In addition to welfare and metabolic problems, feed restriction can also impair the immune system. For ex- Figure 7 . Representative picture of histological slides of thyroids from a control (left) and a thyroxine-treated bird (right). Thyroid glands were fixed in formalin, embedded in paraffin, sectioned, and stained with hematoxylin and eosin. Images were captured at a 10× magnification and the average diameters of colloids were compared. Mean diameters were 106.487 ± 3.11 μm and 77.552 ± 5.316 μm for control and treated birds, respectively. The difference was significant (P < 0.0001). Color version available in the online PDF.
ample, in chickens 3 to 4 d into any feed withdrawal program, the T-lymphocyte subpopulations are significantly decreased (Ruszler, 1998) and the immune system is depressed, putting the birds at risk of infection (Holt, 2003) . Traditionally, molted hens have higher rates of infection by Salmonella enterica serovar Enteritidis, the infection is more widespread in the body, and levels of Salmonella Enteritidis shed in the feces are increased (Holt, 2003) . Taken together, by impairing welfare and health of birds, feed-restricted molting results in significant increased mortality, and during the first week of induced molt, twice the number of deaths occur compared with unmolted flocks, whereas this number is again doubled during the second week (Bell, 2003) . In our study, very little mortality or lameness occurred, and there was no significant difference in number of deaths between groups. Post mortem observation of internal organs at the end of the trial did not point to any major side effect of T 4 except for hens in treatment C, which had a ratio of liver weight to BW larger than for other treatments. Because no histology was performed and no obvious lesions were observed, we have no explanation for this difference.
Because a successful molt requires the total involution of the reproductive tract, techniques targeting the hypothalamo-pituitary-gonadal axis have also been tested. Some degree of success was achieved by desensitizing the pituitary gland with a constant preparation of gonadotropin-releasing hormone (Dickerman and Bahr, 1989) . However, such a treatment is commercially impractical due to its exorbitant cost. In our case, hens were already at the end of a reproductive period and LH plasma concentrations were low throughout the entire experiment. This was expected because it is known that levels of LH are normally low in turkey hens going out of lay or experiencing a molt (Bacon and Long, 1996) . Hormones known to be antigonadotropic, such as PRL, have also been studied. For example, in starlings, immunization against the avian PRL-releasing factor, vasoactive intestinal polypeptide, reduced the occurrence of molt (Dawson and Sharp, 1998) , and shortly after peak PRL production in starlings, there is always a molt (Dawson, 2006) . In spite of this evidence of the role of PRL in molting, this might be counterproductive for turkey breeder hens because it is also associated with expression of incubation behavior. Plasma levels of PRL were low throughout the entire experimental period. In a natural reproductive cycle of a turkey, the levels of PRL begin to fall during the initiation of molt and after the incubation period (Kuenzel, 2003) . In our study, the broody birds were removed, and we did see a drop in PRL, which corresponded to the drop in photoperiod.
Although several studies indicate that T 4 is effective in inducing molt, it does not seem to directly affect egg production (Kuenzel, 2003) . However, because thyroidectomized turkey hens require at least 1 ppm (1.14 mg/kg) of supplementation to molt, T 4 seems to be required (Lien and Siopes, 1989) .
As indicated by the measured plasma levels of T 4 , the dietary supplement provided in our experiment was effectively being transferred to the blood. There were indeed increased levels of plasma T 4 in the treated birds on d 3 and 9, when the birds were receiving T 4 in the feed. By the end of the treatment, the plasma T 4 levels had returned to basal levels. This return to basal levels of plasma T 4 is needed for commercial application to ensure that no T 4 is transferred into the eggs. Surprisingly, treatment C had significantly higher levels of T 4 in the blood at the end of the experimental period than the other treatments. The increased liver:BW ratio in treatment C as compared with the other treatments could point to some metabolic condition that may have led to decreased clearance of T 4 .
The colloids of the thyroids were significantly smaller in the treated birds than the control birds: this was most likely due to the increased plasma T 4 , which caused a negative feedback loop to the thyroid.
In conclusion, dietary T 4 supplementation was successful in inducing a molt in turkey breeder hens as in chickens; however, for a complete molt, including the complete involution of the reproductive tract, a reduction in photoperiod is necessary.
